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24 Abstract:
25 A precisely 230Th-dated stalagmite oxygen isotope (δ18O) record from Dragon Cave, 
26 Shanxi Province, northern China, is proposed to reconstruct the millennial-scale 
27 changes of the East Asian Summer monsoon (EASM) during the period 53.2-1.3 ka 
28 BP (before 1950 AD). Our record shows significant millennial-scale oscillations that 
29 match in timing, characteristic, and duration with the Dansgaard/Oeschger (DO) 
30 events 14-8 and the Heinrich events 5, 4, 2, and 1 (hereafter H5, H4, H2 and H1) in 
31 high-latitude regions of the Northern Hemisphere. Especially, the H5 event is well 
32 constrained from 48.1 to 46.9 ka BP with ten 230Th dates. Our chronology supports 
33 the NGRIP GICC05 timescale from 50 to 38 ka BP. A comprehensive comparison of 
34 the Chinese speleothem records from different regions along a north-south transect 
35 shows a unique trend towards more negative δ18O values from 48.0 to 38.0 ka BP, 
36 suggesting that an intensified Asian summer monsoon (ASM) across the whole 
37 monsoonal China during the interval. We speculate that the joint effect, from both the 
38 cooling of the Southern Hemisphere and the enhanced land-sea temperature contrast 
39 due to the rising summer insolation, is capable to regulate the low-latitude large-scale 
40 atmospheric circulation patterns and exert significant influences on the long-term 
41 ASM variations during the middle of Marine Isotope Stage 3.
42
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46 1. Introduction
47 The Dansgaard-Oeschger (DO) cycles, first recognized in Greenland in 1993 
48 (Dansgaard et al., 1993), are characterized by an abrupt initial warming, followed by a 
49 gradual cooling (Dansgaard et al., 1993; Meese et al., 1997). These typical millennial-
50 scale abrupt events have been recognized in numerous palaeoclimatic archives 
51 worldwide (Porter and An, 1995; Voelker, 2002; Wang et al., 2001; EPICA 
52 community member, 2006; Kanner et al., 2012; Caley et al., 2013; Moseley et al., 
53 2014). However, the key signature of those abrupt events is quite different in their 
54 characteristics and timings in different climatic zones (Dansgaard et al., 1993; Genty 
55 et al., 2003; EPICA community member, 2006), such as in the Asian monsoon region 
56 (Wang et al., 2001; Burns et al., 2003; Duan et al., 2014) and in the Southern 
57 Hemisphere (EPICA community member, 2006). Various hypotheses were proposed 
58 to explain these discrepancies, including the bi-polar seesaw (Broecker, 1998; Blunier 
59 and Brook, 2001; Landais et al 2015), tropical ocean processes (Pierrehumbert, 2000; 
60 Stott et al,. 2002) and Southern Hemisphere forcing (Rohling et al., 2003, 2009; Cai et 
61 al., 2006; Shen et al., 2010; An et al., 2011; Chen et al., 2016). 
62 During the last glacial period, enormous icebergs intermittently calved from the 
63 ice shelves and traversed the North Atlantic. These so-called Heinrich (H) events were 
64 recorded at least six times through the ice-rafted debris (IRD) preserved in marine 
65 sediment (Heinrich, 1988; Hemming 2004). During the H events, the extensive 
66 amounts of fresh water entering the North Atlantic attenuated the density-driven 
67 thermohaline circulation and led to climate changes worldwide (Hemming 2004). The 
68 Asian summer monsoon (ASM) intensity was also decreased during the H events 
69 through ocean-atmospheric teleconnections (Porter and An, 1995; Wang et al., 2001; 
70 Zhao et al., 2010).
71 In recent years, speleothem-based investigations led to some significant advances 
72 in the reconstruction of the past ASM variability mainly with the advantages of 
73 absolute U-series chronological techniques (Wang et al., 2001, 2008; Yuan et al., 
74 2004; Cheng et al., 2009, 2016). Hulu Cave δ18O record in eastern China is usually 
75 regarded as an important “chronology reference dataset”, which displays significant 
76 millennial-scale variations that can be closely matched with the Greenland 
77 Interstadials and Stadials. It also provides acceptable age controls on DO 21-1. 
78 However, the association of speleothem-derived ASM variations with millennial-scale 
79 temperature changes in northern high latitudes is not straightforward during the period 
80 from 50 to 38 ka BP (before 1950 AD) (Wang et al., 2001; Burns et al., 2003). It is 
81 still difficult, for example, to determine whether the actual timing of the DO 12 is at 
82 48 or 45 ka BP, even many speleothem δ18O records in the Eurasia continent have 
83 been published (Wang et al., 2001; Genty et al., 2003; Spötl et al., 2006; Fleitmann et 
84 al., 2009; Zhou et al., 2014; Moseley et al., 2014). A detailed comparison of the 
85 absolute-dated Hulu-Sofular records with the NGRIP on the GICC05 timescale 
86 (Fleitmann et al., 2009) shows that age differences are remarkably increased from 38 
87 to 49 ka BP, with a maximum difference of 800 years at the onset of DO 12. This age 
88 difference becomes almost zero near 55 ka BP (DO 14) (Wang et al., 2001; Svensson 
89 et al., 2008; Fleitmann et al., 2009). It remains unclear whether the GICC05 age-scale 
90 appears to be too young (Fleitmann et al., 2009; Moseley et al., 2014) during the 
91 Marine Isotope Stages 3 (MIS 3) (Svensson et al., 2008; Skinner et al., 2008; Zhao et 
92 al., 2010). To further constrain the timing and spatial distribution of the millennial-
93 scale climate variability, high-resolution and absolute-dated records are required from 
94 different climate regions. The teleconnections between the high latitude and tropic 
95 climate, which are considered as the underlying driver of the ASM variability, can 
96 also be deciphered (e.g., Wang et al., 2008; Landais et al 2015; Chen et al., 2016). 
97 Here, we report a new stalagmite record from the Dragon Cave in northern China, 
98 near the eastern boundary of the Chinese Loess Plateau, where very limited well-
99 dated proxy records are currently available. High uranium contents of 0.4-1.2 ppm in 
100 the sample result in age uncertainties less than 0.4%, which allows us to accurately 
101 reconstruct the millennial-scale evolution of the East Asian summer monsoon 
102 (EASM) during MIS 3, especially from 53 to 38 ka BP. Three foci include (1) 
103 refinement of the timing, duration, and transition of Chinese Interstadials (CIS, that 
104 is strengthened Monsoon event, first defined in Cheng et al., 2006) 14-8, (2) 
105 clarification of an intensified ASM period at 48-38 ka BP and its possible forcings, 
106 and (3) examination of the relationship between these millennial-scale events as 
107 reconstructed in China and Greenland and evaluation of Greenland ice core 
108 chronology at MIS 3.
109
110 2. Study site 
111 Dragon Cave (38º46'N, 113º16'E, at an elevation of 1600 m) is located in the 
112 semi-arid Shanxi Province, northern China, 60 km northeast of Changzhi City in the 
113 west flank of the Taihang Mountain (Fig. 1). The regional hydroclimate is strongly 
114 influenced by the Asian monsoon, and characterized by warm-wet summers and cool-
115 dry winters. At the nearest meteorological station in Changzhi City, the monthly 
116 average surface air temperature (1970-2000)[Supplementary Fig. 1 (hereafter Fig. S1)] 
117 shows a minimum of -4.6 ºC in January and a maximum of 22.5 ºC in July with an 
118 annual mean of 9.9 ºC. Annual mean precipitation is 530 mm, of which 68% falls 
119 between June and September when the ASM prevails.
120 The cave, 1000 m in length with an only entrance at the foot of the hill, is overlain 
121 by approximately 50-m Ordovician limestone (Qian, 1960). The largest chamber, 
122 where our stalagmite sample L30 was collected, is 20 m in height and 500 m away 
123 from the cave entrance. The relative humidity in this chamber is 98% as observed in 
124 summer 2014. Cave internal temperature of 10.3 ºC matches annual mean ground 
125 temperature in the area. Dense forested vegetation, consisting primarily of temperate 
126 deciduous broad-leaved trees, covers the cave site and surrounding area.
127
128 3. Samples and methods
129 The columnar-shaped stalagmite L30 is 370 mm in length and its diameter ranges 
130 between 90 and 120 mm from top to bottom. After halved and polished, yellow clay 
131 bands are observed at depth intervals of 13-25 mm and 315-318 mm from the top, 
132 expressing some possible hiatuses (Fig. S2).
133 Thirty-one subsamples, 100-200 mg each, were drilled for U-Th chemistry (Shen 
134 et al., 2003), and 230Th dating (Shen et al., 2002; 2012). Uranium-thorium isotopic 
135 measurements were performed on a multi-collection inductively coupled plasma mass 
136 spectrometer (MC-ICP-MS), Thermo Finnigan NEPTUNE, in the High-precision 
137 Mass Spectrometry and Environment Change Laboratory (HISPEC), Department of 
138 Geosciences, National Taiwan University (Shen et al., 2012). A gravimetrically 
139 calibrated (Cheng et al., 2013) triple-spike, 229Th-233U-236U, isotope dilution method 
140 was employed to correct mass bias and determine U-Th contents and isotopic 
141 compositions (Shen et al., 2012). The half-lives of U-Th nuclides used are available in 
142 Cheng et al. (2013). Uncertainties in the U-Th isotopic data and 230Th dates are 
143 calculated at the 2 level or two standard deviations of the mean (2m) unless 
144 otherwise noted.
145 For stable isotopic measurements, 380 subsamples, 10-20 g each, were drilled 
146 with a 0.3 mm-diameter carbide dental burr at 1-mm intervals, except for two depth 
147 intervals of 63-83 mm and 160-191 mm, where the subsamples were drilled at 0.5-
148 mm intervals. The traditional Hendy Test for isotopic equilibrium states that δ18O 
149 should be nearly constant along a single growth layer and that δ13C and δ18O should 
150 not co-vary down the length of the growth axis (Hendy, 1971). Five coeval 
151 subsamples from three horizons were selected arbitrarily from stalagmite L30 and 
152 subjected to the “Hendy Test” (Hendy, 1971) to evaluate the oxygen isotopic 
153 equilibrium conditions during calcite precipitation. Oxygen isotopic analysis was 
154 conducted on a Finnigan-MAT 253 mass spectrometer equipped with an automatic 
155 Kiel Carbonate Device at the College of Geography Science, Nanjing Normal 
156 University. Carbonate 18O data are reported relative to the Vienna Pee Dee 
157 Belemnite (VPDB), and standardization was accomplished using NBS-19. 
158 Reproducibility of 18O values is ±0.06‰ at the 1-sigma level.
159
160 4. Results and Discussion
161 4.1. Chronology
162 Determined U-Th isotopic compositions and 230Th dates of stalagmite L30 are 
163 shown in Table 1. Most (30/31) of 230Th/232Th atomic ratios are larger than 1×10-3. It 
164 indicates that detrital Th content and the uncertainty for initial 230Th correction are not 
165 significant. The corrected 230Th dates are in a stratigraphic order and range from 53.2 
166 ± 0.14 to 1.263 ± 0.005 ka BP. An age model was established based on linear 
167 interpolation between 230Th dates. In addition, a chronology using StalAge (Scholz 
168 and Hoffmann, 2011) was constructed as well, and that it didn’t significantly differ 
169 from our chronology using linear interpolation. As shown in Figure 2, four growth 
170 hiatuses at depths of 15, 24, 46, and 63 mm from the top are identified. They are 
171 bounded by dates of 2.2 and 8.3 ka BP, 9.9 and 18.2 ka BP, 25.0 and 34.3 ka BP, 35.1 
172 and 38.3 ka BP, respectively. The correspondent average temporal resolution is less 
173 than 66 yr at depths of 145-319 mm and 50-80 mm, ~100 yr at depths of 80-145 mm 
174 and 0-12 mm, and ~400 yr at the depth of 12-50 mm. The calculated growth rates 
175 range from the fastest value of 17 μm/yr at 53.3-38.3 ka BP to the lowest one of 3 
176 μm/yr at 25.0-18.2 ka BP.
177 4.2. Dragon stalagmite L30 oxygen isotope record
178 Dragon L30 δ18O values, ranging from ‒7.0‰ to ‒10.5‰, change dramatically 
179 throughout the entire record with an amplitude of over 1‰ on millennial timescale 
180 during MIS 3. The lightest δ18O values of -10.5~-10.0‰ are observed during the early 
181 Holocene, while the heaviest of -7.0‰ is found at H1. The evolution of the L30 δ18O 
182 record over the past 53 ka closely follows North Hemisphere summer insolation 
183 (NHSI) curve and agrees with data previously published from other Chinese caves 
184 (Wang et al., 2001; Dykoski et al., 2005; Dong et al., 2010; Chen et al., 2016) (Fig.3).
185 Superimposed on the long-term evolution, the Dragon L30 δ18O record is 
186 featured with a number of millennial-timescale strong and weak monsoon events. Six 
187 distinct positive anomalies in δ18O centered respectively at 47.6, 43.6, 42.3, 39.0, 24.1 
188 and 17.0 ka BP, reflecting weaker monsoon episodes with durations of approximately 
189 1-kyr (Figs. 3, 4). The weak monsoon event at 47.6 ka BP is indicated by a 
190 substantially abrupt positive shift of 1.1‰ in our δ18O values within just 90-yr at the 
191 onset of the H5 event (Fig. 5). Six strong monsoon intervals occurred at 53.0, 49.2, 
192 46.9, 43.5, 41.8, and 40.2 ka BP, respectively. On the sub-orbital scales, there is a 
193 decreasing trend of our δ18O values from 48 to 38 ka BP. Similar feature is also 
194 apparent among data from previously published Chinese caves (Wang et al., 2001; 
195 Cai et al., 2006; Chen et al., 2016; Han et al., 2016) (Fig. 4).
196 4.3. Regional replication and interpretation of stalagmite δ18O
197 δ18O and 13C data of coeval subsamples from three arbitrarily selected growth 
198 layers at 45 mm (25.0 ka BP), 143 mm (45.9 ka BP), and 250 mm (50.5 ka BP) are 
199 plotted in Figure S3). Two-sigma variability of ±0.06-0.12‰ for the coeval δ18O data 
200 (Fig. S3a) and insignificant correlation (r2 = 0.01-0.22) between δ18O and δ13C values 
201 (Fig. S3b) suggest that the oxygen data pass the Hendy Test (Hendy, 1971). 
202 Replication test (Dorale and Liu, 2009), involving the comparison of two or more 
203 speleothem records from different caves or different locations within the same cave 
204 that grew contemporarily, is another rigorous test for evaluating isotopic equilibrium 
205 conditions. Stalagmite L30 δ18O record was compared with data of YX51 from 
206 Yongxing Cave (31º35ʹN, 111º14ʹE; Chen et al., 2016), and SB43 and SB3 from 
207 Sanbao Cave (31º40ʹN, 110º26ʹE; Dong et al., 2010; Wang et al., 2008) in central 
208 China, and MSD and YD from Hulu Cave (32º30ʹN, 119º10ʹE; Wang et al., 2001) 
209 in eastern China, and D4 from Dongge Cave (25º17ʹN, 108º05ʹE; Dykoski et al., 
210 2005) in southwestern China (see Fig. 1 for cave locations). The δ18O variations of all 
211 stalagmites are synchronous during their contemporaneous growth periods (Fig. 3b-d). 
212 This test further indicates that the variability of Chinese stalagmite δ18O records is, at 
213 least, of regional significance.
214 Previous studies in southern China showed that changes in Chinese stalagmite 
215 18O records mainly register variations in ASM intensity on decadal to orbital 
216 timescales (e.g., Wang et al., 2001, 2008; Yuan et al., 2004; Cheng et al., 2009). 
217 However, paleo-moisture and/or precipitation proxies and recent model simulations 
218 suggested that Chinese stalagmite 18O could mainly reflect changes in moisture 
219 sources and/or water vapor pathways and might not be considered as a reliable 
220 indicator of ASM intensity (Maher, 2008; LeGrande and Schmidt, 2009; Pausata et al., 
221 2011; Liu et al., 2015). However, Cheng et al. (2016) clarified that ASM variations 
222 inferred by the stalagmite 18O may reflect a mean state of summer monsoon intensity 
223 and/or integrated moisture transports rather than the actual amount of local 
224 precipitation. A higher proportion of regional ASM rainfall and/or higher spatially 
225 integrated monsoon rainfall between the tropical monsoon sources and the caves 
226 would result in more negative stalagmite 18O. This interpretation was supported by a 
227 recent model simulation (Liu et al., 2014) and an empirical study (Orland et al., 2015), 
228 which have suggested that local stalagmite records represent proxies of the EASM 
229 intensity in northern China.
230 Recently, a lake-level-inferred EASM intensity record from the Dali Lake, 
231 located 700 km north of the Dragon Cave, is highly correlated with Lianhua 
232 stalagmites 18O (Dong et al., 2015, 2018) on precessional and millennial timescales 
233 during the Holocene (see Fig. 3 of Goldsmith et al., 2017). Higher Dali lake levels 
234 correspond to more negative stalagmite 18O, and vice versa. On the basis of this 
235 correlation and empirical and model studies (Liu et al., 2014; Orland et al., 2015), we 
236 interpret our Dragon Cave stalagmite 18O records as qualitative proxies for regional 
237 precipitation and the intensity of the EASM in northern China, with more (less) 
238 negative values indicating a stronger (weaker) EASM. A comparison of the Dragon 
239 L30 δ18O data and a quantitatively proxy inferred summer rainfall record in the 
240 western Chinese Loess Plateau during the last glacial period (Rao et al., 2013) is 
241 given in Figure 3a and 3b. During the period of 50-10 ka BP, the two time series 
242 correlate well with regards to both the trend and variation. For example, strongly 
243 negative δ18O values in L30 record match intensified summer monsoon precipitation 
244 in the loess record for DO 14-8 events. For the H events 5, 4, 2 and 1, the relatively 
245 positive δ18O values are concurrent with the decreased summer monsoon precipitation. 
246 This agreement further supports our hydroclimatic interpretation of the Dragon L30 
247 data.
248 4.4. Coherence of the regional monsoon changes over the entire Asian Monsoon 
249 territory during MIS 3
250 To better understand the regional nature of the ASM variability and its forcings 
251 during the last glacial period, we compared Dragon record to precisely-dated 
252 contemporaneous speleothem data from other caves in different monsoonal regions, 
253 including Sanbao (Wang et al., 2008; Dong et al., 2010), Yongxing (Chen et al., 2016) 
254 and Hulu (Wang et al., 2001) in the EASM zone (Fig. 3), and also Dongge (Dykoski 
255 et al., 2005), Yangkou (Han et al., 2016) and Xiaobailong (Cai et al., 2006) in 
256 southwestern Indian summer monsoon zone (Figs. 3d and 4). On orbital scales, there 
257 is a general agreement among δ18O records between Dragon and other Chinese caves 
258 (Figs. 1, 3b-d). For example, the strongest EASM occurred at the early-middle 
259 Holocene; while, the weakest monsoon happened during the H1, which is 
260 characterized by the largest difference of 4-5‰ among δ18O records at the transition 
261 of the last glacial-interglacial period. The consistence among different caves indicates 
262 that the first-order similar climatic forcing is original from NHSI over the whole 
263 monsoonal China (Wang et al., 2001, 2008; Cheng et al., 2016) (Fig. 3b).
264 4.5. 53-38-ka interval and CIS 14-8 events
265 As illustrated in Figure 4, seven distinct millennial-scale negative excursions in 
266 L30 δ18O record show strong monsoon events CIS 14-8 in northern China. The CIS 
267 events 13, 12, 11, 10 and 9 initiated at 49.2, 46.9, 43.5, 41.8 and 40.2 ka BP, 
268 respectively, except for the CIS 14 with a hiatus at its initiation in L30 record. The 
269 CIS 8 is partly documented and its onset is clearly identified at 38.3 ka BP. These 
270 millennial-scale strong monsoon events are also observed in other Chinese caves, 
271 such as Hulu (Fig. 4d, Wang et al., 2001), Yongxing (Fig. 4c, Chen et al., 2016), 
272 Yangkou (Fig. 4e, Han et al., 2016), and Xiaobailong (Fig. 4f, Cai et al., 2006). This 
273 agreement indicates the concurrence of these strong millennial-scale ASM events in 
274 entire monsoonal China. In addition, all Chinese stalagmite records are concurrent 
275 with the DO 14-8 in terms of the timing and duration within their respective 
276 chronological uncertainties (Fig. 4).
277 Two prominent weak EASM anomalies correlate well with the North Atlantic 
278 IRD events H5 and H4 (Bond et al., 1993), and their counterparts can also be found 
279 in NGRIP records (Fig. 4a). The good alignments between the CIS in China and DO 
280 events in Greenland, and between weak EASM events in China and the IRD events 
281 in North Atlantic support the previous hypothesis that the millennial-scale abrupt 
282 climate changes in North Atlantic region may influence the East Asian monsoonal 
283 climate by the reorganization of large-scale atmospheric circulation patterns (Porter 
284 and An., 1995; Wang et al., 2001). Changes in large-scale atmospheric circulations 
285 are linked to the intertropical convergence zone (ITCZ) shifts providing a potential 
286 association between the observed millennial-scale co-variation in the low-latitude 
287 regions (EASM) and high latitudes (North Atlantic) (Wang et al., 2001; Fleitmann et 
288 al., 2007).
289 Despite the above similarities at millennial timescales, there are some 
290 considerable and apparent differences between the ASM and Greenland ice-core 
291 records (Fig. 4). For example, the interval between 48 and 38 ka BP, which 
292 corresponds to gradual cooling conditions in Greenland, is characterized by a trend 
293 towards more negative δ18O values in the L30 record, suggesting enhanced monsoon 
294 conditions over the 10 ka. Other speleothem records from the ASM region also show 
295 a distinct trend towards more negative δ18O values during this interval of MIS3 (Fig. 
296 4c-f). The only exception with a slightly inverse trend expressed in Hulu record 
297 (Wang et al., 2001) (Fig. 4d) implies possible heterogeneity of regional monsoon 
298 dynamics, which should be further clarified with more records from Nanjing. During 
299 DO 12, Greenland ice core δ18O values increased abruptly and then decreased 
300 gradually. On the contrast, the CIS 12 in the L30 record began with a stepwise 
301 decrease in δ18O values at 47.0-45.5 ka BP and finally ended up with a gradual 
302 increase in δ18O values at 45.3-44.0 ka BP, making an approximate isosceles triangle 
303 pattern. The symmetrical features are also presented in other high temporal 
304 resolution cave records (Fig. 4c-e), but slightly different from the Xiaobailong record 
305 (Cai et al., 2006) (Fig. 4f). This apparent mismatch between δ18O values in the 
306 Greenland and those from the ASM region suggests that additional forcing(s), not 
307 originally from the northern high latitudes, may modulate the variability of the ASM 
308 (An et al., 2011; Cai et al., 2006; Rohling et al., 2009; Caley et al., 2013; Han et al., 
309 2016). 
310 4.6. Forcings for strengthening ASM from 48 to 38 ka BP 
311 Recent meteorological studies indicate that the large portion of the moisture 
312 source of the ASM is originated from the oceans in the Southern Hemisphere and 
313 transported by the cross-equatorial flows through the Southern China Sea ( Liu et al., 
314 2014; Xue et al., 2004) (Fig.1). Southern Hemisphere cooling may have intensified 
315 boreal summer monsoons on centennial-millennial timescales (Rohling et al., 2009; 
316 An et al., 2011; Caley et al., 2013; Chen et al., 2016). The monsoon-related inter-
317 hemisphere latent heat transfer could explain the anomalously long duration of DO or 
318 CIS events that coincides with marked Antarctic cooling event, especially 
319 interstadials12, 8 and 1 (Rohling et al., 2003; EPICA community Members, 2006; Cai 
320 et al., 2006; Shen et al., 2010; Chen et al., 2016). The inter-hemispheric temperature 
321 gradient obviously increases when one hemisphere becomes colder and the other 
322 becomes warmer, which could push the ITCZ into the warmer hemisphere (Chiang 
323 and Friedman, 2012). During the period of CIS 12-8, the gradual cooling of the 
324 Antarctic in Figure 4g could strengthen the Mascarene and Australian highs, which 
325 finally drove a strong “push” (An et al. 2011) cross-equatorial flow and induced an 
326 intensified ASM across the monsoonal China (Wang and Xue, 2003; Xue et al., 2004). 
327 The enhanced cross-equatorial flow could be accompanied by a slowly northward 
328 movement of the ITCZ and an expansion of the cold tongue in the eastern Pacific 
329 Ocean as the southeast trade winds intensified and the northeast trade winds 
330 weakened (Peterson et al., 2000). The symmetric Hadley cell became asymmetric, 
331 with the rising branch of Hadley circulation shifted northward. The variability of the 
332 ASM is also closely coupled to the low-latitude oceanic condition. As shown in 
333 Figure 4, a clear cooling trend is expressed in the North high-latitude region from 48 
334 to 38 ka BP; instead, the summer insolation at 33ºN gradually increased over this 
335 period. In Asian monsoon realm, cooling oceans and warming continent by increasing 
336 of summer insolation can enhance the land-sea temperature contrast and strengthen 
337 the ASM. These processes could cause more moisture to converge into the Asian 
338 monsoon realm and the intensified ASM.
339 4.7. Heinrich events 5 and 4
340 H events were identified by the massive surges and melts of icebergs in the 
341 North Atlantic, perturbing the global ocean circulation and triggering a slowdown or 
342 shutdown of the North Atlantic Meridional Overturning Circulation (Heinrich, 1988; 
343 Bard et al., 2000). Such climate signals of cold/arid anomalies around the North 
344 Atlantic can be transmitted into the Asian interior via atmospheric teleconnections 
345 (Porter and An, 1995). Stalagmite records show that the ASM intensity could be 
346 synchronously decreased during H events (Wang et al., 2001, Zhao et al., 2010). 
347 During the MIS 3, Dragon L30 18O record clearly illustrates weakened EASM events 
348 during H 5 and H 4, which are centered at 47.6 and 39.0 ka BP, respectively (Fig. 4).
349 The sudden onset of a weak EASM, accompanied by an abrupt enrichment of 
350 1.2‰ in 18O during the H4, spanned from 39.71 to 39.65 ka BP, and lasted for 60 
351 years. The 90-yr recovery period was from 38.33 to 38.24 ka BP (Fig. 5a). The 
352 maximum 18O value of -7.8‰ was observed at 39.65 ka BP, and subsequently got 
353 slowly depleted during the 1400-yr H4. The corresponding weak EASM of H5 also 
354 showed an abrupt onset transition of 1.1‰ in the L30 18O record, lasting from 48.09 
355 to 48.0 ka BP, and was only 90 yrs long (Fig. 5b). In contrast, the termination of the 
356 H5, from 47.0-46.66 ka BP, lasted about 340 years. The maximum 18O value of -
357 7.0‰ was observed at 47.2 ka BP at the end of the 1300-yr H5. If the North Atlantic 
358 Meridional Overturning Circulation disturbance acts as a trigger for the H events, the 
359 rapid EASM decline during the early H5 and H4 suggests a significant reduction in 
360 the oceanic conveyor. Indeed, as shown in Fig.S4, the Atlantic Ocean circulation 
361 estimated by 231Pa and 230Th records exhibited a significant decline during the early H 
362 events. This good consistence indicates a potential tight link between them.
363 Dragon L30 18O record anchors the onset and termination of the H4 at 39.68 ± 
364 0.11 and 38.29 ka ± 0.10 ka BP, and the H5 at 48.06 ± 0.15 and 46.88 ± 0.15 ka BP, 
365 respectively. These dates are consistent in the timing and transition with previously 
366 published stalagmite-inferred ASM changes across the monsoonal China within their 
367 respective dating errors (Fig. 4). In addition, the onset and end of the H4 in GICC05 
368 chronology, at 39.85 ± 1.45 and 38.17 ± 1.57 ka BP, the H5 at 48.29 ± 1.99 and 46.81 
369 ± 1.90 ka BP, respectively (Svensson et al., 2008; Rasmussen et al., 2014), match 
370 ones in Dragon L30 record. A detailed comparison of the Chinese stalagmite-recorded 
371 CIS events 13-8 with the corresponding Greenland DO events shows the absence of 
372 significant offsets between the Chinese stalagmite and the NGRIP δ18O records from 
373 50 to 38 ka BP (Fig. 6). This consistency between low-latitude and high-latitude 
374 climate dynamics supports the accuracy of ice core GICC05 chronology and indicates 
375 the strong hemispheric connection at millennial-scales.
376
377 5. Conclusions
378 Based on 31 precise 230Th dates, we provide a high-resolution Asian monsoon 
379 record between 53.2 and 1.3 ka BP, especially from 53.2 to 38.0 ka BP, from the 
380 Dragon Cave, northern China. Our δ18O records feature seven stronger monsoon 
381 intervals of CIS 14-8 associated with the corresponding DO events and four weak 
382 monsoon events linked to cold episodes in Greenland and ice-rafting events in the 
383 North Atlantic (i.e., H5, H4, H2 and H1). Our results are broadly consistent with 
384 previously published stalagmite δ18O records from central and southern China, 
385 suggesting a synchronous change of the millennial-scale ASM events linked to the 
386 North Atlantic climate across the monsoonal China. The gradually strengthened ASM 
387 from 48 to 38 ka BP across the monsoonal China suggests an important role of 
388 Southern Hemisphere cooling and the enhanced land-sea temperature contrast due to 
389 rising summer insolation on the ASM on millennial scales during the period of MIS 3. 
390 There are no systematic age offsets between the Chinese stalagmite and the NGRIP 
391 δ18O records from 50 to 38 ka BP, supporting the accuracy of ice core GICC05 
392 chronology.
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Fig. 1. Summer (June-July-August, JJA) mean 850 hPa streamline based on NCEP/NCAR 
Reanalysis during 1971-2000. Red dot is the location of Dragon Cave. The ‘EASM’ and ‘ISM’ 
denote the regions mainly influenced by the East Asian Summer Monsoon and the Indian Summer 
Monsoon, respectively. Locations of Yongxing (YX, Chen et al., 2016), Sanbao (SB, Wang et al., 
2008; Dong et al., 2010), Hulu (HL, Wang et al., 2001), Yangkou (YK, Han et al., 2016), Dongge 
(DG, Dykoski et al., 2005), and Xiaobailong Caves (XBL, Cai et al., 2006) (dots) are also marked.
 Fig. 2. (a) Stalagmite L30 δ18O record. (b) U-Th age with 2 uncertainty (Table 1) versus depth 
for stalagmite L30.
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Fig. 3. A comparison of stalagmite δ18O and Loess records. (a) Quantitative reconstruction of 
summer rainfall in the western Chinese Loess Plateau, north China (Rao et al., 2013). (b) Dragon 
L30 δ18O record (red line, this study), followed by the North Hemisphere Insolation at 33°N (gray 
curve)(Berger, 1978). (c) Spliced stalagmite δ18O records from Sanbao (SB43, twilight violet; SB3, 
plum; Wang et al., 2008; Dong et al., 2010) and Yongxing Caves (YX52, purple, Chen et al., 
2016). (d) Spliced stalagmite δ18O records from Dongge (D4, baby blue, Dykoski et al., 2005) and 
Hulu Caves (YD, dark navy blue; MSD, blue; Wang et al., 2001). Light yellow bars represent 
weakened ASM periods at Heinrich (H) events, demonstrated by the North Atlantic Ocean 
sediments (Heinrich, 1988; Bard et al., 2000). Numbers denote CIS events.
Fig. 4. A comparison of ice core and stalagmite δ18O time series along a latitudinal transect from 
the South Hemisphere to North Hemisphere. (a) NGRIP ice record on GICC05 timescale 
(NorthGRIP community members, 2004; Svensson et al., 2008). Stalagmite δ18O records are from 
caves of (b) Dragon (this study) in northern China, (c) Yongxing in central China (Chen et al., 
2016), (d) Hulu (Wang et al., 2001) in eastern China, and (e) Yangkou (Han et al., 2016) and (f) 
Xiaobailong (Cai et al., 2006) in southwestern China. (g) Antarctica EDML ice record on GICC05 
timescale (EPICA community members, 2006). 230Th ages with errors are color-coded by 
stalagmite. Light yellow bars denote weakened ASM periods in Dragon record. Gray curve in (b) 
is North Hemisphere Insolation at 33°N (Berger, 1978). Numbers denote CIS and DO events. 
Arrows shows the multi-millennial trend of the decreasing Greenland and Antarctic air 
temperatures and increasing ASM circulation, respectively.  
Fig. 5. The timing and structure of weak Asian summer monsoon at (a) H4 and (b) H5 events 
registered in Dragon L30 δ18O record. Pink columns denote the onsets and terminations with the 
durations for two distinct weak monsoon events, respectively. 230Th ages with 2 errors are given 
by record.
Fig. 6. Age offsets of Chinese stalagmite CIS events in different caves from their corresponding 
DO events under NGRIP chronology (Svensson et al., 2008) during 50-38 ka BP. Offset data are 
for caves of Dragon (this study, red), Yongxing (purple, Chen et al., 2016), Yangkou cave (green, 
Han et al., 2016), and Hulu (blue, Wang et al., 2001). Numbers denote CIS events.
Table 1 Uranium and thorium isotopic compositions and 230Th ages for stalagmite L30 by MC- 
ICP-MS.
ID/ 238 U 232Th δ234U 230Th/238U 230Th/232Th Age (ka BP ) Age (ka BP ) δ234U
Depth(mm) ppb ppt
measured 
(‰)a
activity c atomic (x 10-3) uncorrected correctedc,d Initial (‰)b
L30-3 641.25±0.71 306.0±5.3 3916.0±5.4 0.0596±0.0002 2.059±0.036 1.2657±0.0048 1.2631±0.0050 3930.7±5.4
L30-12 804.0±1.2 170.0±5.1 3971.5±8.1 0.1038±0.0031 8.09±0.34 2.233±0.068 2.232±0.068 3997.3±8.2
L30-18 741.70±0.87 3060.3±8.9 3746.1±5.1 0.3540±0.0014 1.4147±0.0068 8.310±0.036 8.287±0.038 3835.4±5.3
L30-22 688.17±0.67 8084±152 3808.3±4.6 0.4254±0.0025 0.597±0.012 9.923±0.063 9.860±0.070 3916.4±4.8
L30-27 562.24±0.58 200.0±3.3 4111.6±5.3 0.8029±0.0017 37.211±0.61 18.164±0.046 18.162±0.046 4328.6±5.7
L30-38 645.32±0.79 47.6±2.4 4154.7±6.3 0.9554±0.0021 214±11 21.700±0.060 21.700±0.060 4418±6.7
L30-45 740.9±2.5 79.7±6.9 4139.4±21.2 1.0856±0.0043 166±14 25.02±0.16 25.02±0.16 4443±23
L30-50 473.23±0.63 20.8±4.4 3941.6±7.1 1.3869±0.0028 521±110 34.32±0.10 34.32±0.10 4343.2±7.9
L30-58 784.0±2.3 24.9±7.5 3938±19 1.4023±0.0052 728±220 34.78±0.21 34.78±0.21 4345±21
L30-63 690.3±1.2 538.2±6.9 3839.8±9.0 1.4141±0.0031 29.90±0.39 35.09±0.11 35.09±0.11 4351±10
L30-66 673.55±0.71 616.3±4.8 3811.5±5.4 1.4853±0.0032 26.77±0.21 38.26±0.11 38.25±0.11 4246.7±6.2
L30-67 1029.5±1.8 69.2±6.5 3829.8±10.6 1.4914±0.0035 366±34 38.27±0.14 38.27±0.14 4267±12
L30-79 434.16±0.59 355.3±3.5 3744.7±6.2 1.5149±0.0028 30.52±0.30 39.78±0.10 39.77±0.10 4190.3±7.1
L30-81 790.84±0.85 402±11 3750.7±5.3 1.5307±0.0029 49.7±1. 4 40.20±0.10 40.20±0.10 4201.9±6.1
L30-101 600.54±0.71 34.5±3.0 3692.3±5.7 1.5870±0.0032 455±40 42.53±0.12 42.53±0.12 4163.9±6.6
L30-120 788.2±2.8 71.0±6.6 3638.6±20.7 1.6316±0.0071 299±28 44.53±0.33 44.53±0.33 4126.6.1±23.8
L30-148 939.4±1.8 260.1±5.6 3639.0±9.6 1.6846±0.0036 100.3±2.2 46.23±0.16 46.23±0.16 4147±11
L30-162 881.0±1.6 287.2±4.7 3631.6±9.4 1.6901±0.0034 85.5±1.4 46.50±0.16 46.50±0.16 4142±11
L30-164 805.05±0.91 323±11 3637.1±5.5 1.7132±0.0035 70.3±2.3 46.72±0.13 46.71±0.13 4194.8±6.5
L30-166 522.20±0.67 200.1±3.1 3699.4±6.5 1.7309±0.0031 74.5±1.2 47.00±0.13 47.00±0.13 4224.9±7.5
L30-171 990.9±1.8 338.8±5.3 3594.9±10.6 1.6969±0.0037 81.8±1,3 47.17±0.18 47.17±0.18 4107±12
L30-179 770.8±1.2 1051.5±5.5 3474.0±7.2 1.6649±0.0034 20.12±0.11 47.61±0.15 47.61±0.15 3974.3±8.4
L30-185.5 919.6±1.1 2332±11 3596.3±5.2 1.7240±0.0032 11.209±0.053 48.05±0.12 48.04±0.12 4119.2±6.1
L30-186 896.3±4.4 296.6±7.0 3620±29 1.7370±0.0093 95.2±2.5 48.18±0.47 48.18±0.47 4147.8±33.5
L30-190 738.3±1.1 497.7±7.1 3526.3±7.4 1.7050±0.0034 41.70±0.60 48.30±0.15 48.30±0.15 4042.0±8.6
L30-210 890.6±3.1 255.4±6.9 3607±18 1.7652±0.0073 101.5±2.8 49.27±0.34 49.27±0.34 4146.4±21.9
L30-223 970.3±1.2 248.7±7.0 3580.2±6.4 1.7785±0.0031 114.4±3.2 50.08±0.13 50.07±0.13 4124.4±7.5
L30-245 944.8±5.4 341.9±6.8 3534±31 1.7668±0.0110 80.5±1.6 50.29±0.56 50.29±0.56 4073.9±36.5
L30-297 1157.1±1.3 100.7±3.5 3462.5±5.2 1.8016±0.0030 341±12 52.50±0.13 52.50±0.13 4016.1±6.2
L30-315 505.51±0.68 213.1±3.5 3457.3±6.4 1.8199±0.0031 71.3±1.2 53.22±0.14 53.22±0.14 4018.3±7.6
L30-315 730.80±0.93 8991±24 3410.2±6.1 1.8031±0.0052 2.4164±0.0091 53.32±0.21 53.26±0.21 3963.9±7.5
Analytical errors are 2ơ of the mean.
a δ234U = ([234U/238U]activity - 1) x 1000.
b δ234U corrected was calculated based on 230Th age (T), i.e., δ234Uinitial = δ234Umeasured x eλ234*T, T is corrected age.
c [230Th/238U]activity = 1 - e-λ230T + (δ234Umeasured/1000)[λ230/(λ230 - λ234)](1 - e-(λ230 - λ234) T), where T is the age.
dAge (before 1950 AD) corrections were made using a 230Th/232Th atomic ratio of 4±2 × 10-6, which is value for 
material at secular equilibrium with the crustal 232Th/238U value of 3.8 and arbitrarily assumed uncertainty of 50%.
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Supplementary Figures
Supplementary Fig. 1. Monthly average surface air temperature (circle) and precipitation 
(column) at the Changzhi station during 1970-2000 AD.
Supplementary Fig. 2. A photograph of stalagmite L30. Red bars indicate layers of the U–Th 
dates used to construct the chronology. Yellow dashed lines show the drill-hole tracks sampled for 
analysis of δ18O. Black lines suggest the hiatuses in stalagmite L30. The deposition intervals for H5 
and H4 are highlighted in purple. High averaged formation rate of 2 mm per 100 yr at 148-210 mm 
offers detailed hydroclimatic dynamics at H5 (see text for details).
Supplementary Fig. 3. Hendy Test (Hendy, 1971). (a) Coeval δ18O data show small changes of 
±0.06-0.12‰ (2) on three arbitrarily selected laminate of the stalagmite L30. (b) The variable 
correlations and low correlation coefficients between coeval δ18O and δ13C data indicate an 
insignificant kinetic fractionation.
Supplementary Fig. 4. A comparison of the H5 and H4 events in NGRIP ice core, CDH19 
sediment core, and stalagmite δ18O records. (a) NGRIP δ18O record on GICC05 timescale 
(Svensson et al., 2008). (b) Dragon L30 δ18O record from northern China (this study). (c) Pa/Th 
from bulk sediment taken from core CDH19, Bermuda Rise, in the northwestern Atlantic Ocean 
(Henry et al., 2016). Light yellow bars denote weakened ASM periods in Dragon record. Pink 
columns denote the abrupt onsets for two Heinrich events, respectively. 230Th ages and errors are 
color-coded by stalagmite.
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